Two low-molecular-weight RNAs are associated with the 70S RNA complex of Rous sarcoma virus: a previously described 4S RNA and a newly identified 5S RNA. The Virions of Rous sarcoma virus (RSV) contain two major size classes of RNA: 60 to 70S RNA, presumed to be the viral genome, and a lowmolecular-weight population consisting of a number of discrete RNA species. In addition, RSV 70S RNA can be denatured into a number of subunits of relatively large mass ranging from approximately 106 to 3 x 106 daltons (9), and into several low-molecular-weight RNAs referred to as 70S-associated RNAs (8, 12, 14 associated RNAs of RSV in order to elucidate the structure of these RNA species. In this communication we report the presence of an additional low-molecular-weight RNA contained within virions of RSV. This 5S RNA species is found both free in the virion and associated with the 70S RNA genome, and it is identical in structure to the 5S RNA obtained from uninfected chicken embryo fibroblasts. In addition, we report that the RSV 70S-associated 4S RNA and free 4S RNA exhibit a number of structural similarities to chicken fibroblast tRNA.
Two low-molecular-weight RNAs are associated with the 70S RNA complex of Rous sarcoma virus: a previously described 4S RNA and a newly identified 5S RNA. The 4S RNA constitutes 3 to 4% of the 70S RNA complex or the equivalent of 12 to 20 molecules per 70S RNA. It exhibits a number of structural properties characteristic of transfer RNA as revealed by two-dimensional electrophoresis of oligonucleotides obtained from a Ti ribonuclease digest of the 4S RNA species. The 5S RNA is approximately 120 nucleotides in length, constitutes 1% of the 70S RNA complex or the equivalent of 3 to 4 molecules per molecule of 70S RNA, and is identical in nucleotide composition and structure to 5S RNA from uninfected chicken embryo fibroblasts. Melting studies indicate that the 5S RNA is released from the 70S RNA complex at the same temperature required to dissociate 70S RNA into its constituent 35S subunits. In contrast, greater than 80% of the 4S RNA is released from 70S RNA prior to its conversion into subunits. The possible biological significance of these 70S-associated RNAs is discussed.
Virions of Rous sarcoma virus (RSV) contain two major size classes of RNA: 60 to 70S RNA, presumed to be the viral genome, and a lowmolecular-weight population consisting of a number of discrete RNA species. In addition, RSV 70S RNA can be denatured into a number of subunits of relatively large mass ranging from approximately 106 to 3 x 106 daltons (9) , and into several low-molecular-weight RNAs referred to as 70S-associated RNAs (8, 12, 14) . The 70S-associated RNAs include a previously identified 4S RNA (8, 12 ) and a 5S RNA to be described in this communication. Recent studies have suggested that the 70S-associated RNAs may function in either of two capacities:
(i) as a primer involved in the initiation of DNA synthesis by the oncornavirus RNA-directed DNA polymerase when 70S RNA is utilized as a template (8, 25, 27 associated RNAs of RSV in order to elucidate the structure of these RNA species. In this communication we report the presence of an additional low-molecular-weight RNA contained within virions of RSV. This 5S RNA species is found both free in the virion and associated with the 70S RNA genome, and it is identical in structure to the 5S RNA obtained from uninfected chicken embryo fibroblasts. In addition, we report that the RSV 70S-associated 4S RNA and free 4S RNA exhibit a number of structural similarities to chicken fibroblast tRNA.
CHARACTERIZATION OF RSV 70S RNAs sulfate (SDS)-phenol at room temperature. Ninety percent of the viral RNA extracted by either SDSphenol or chloroform-phenol bound to polydeoxythymidylic acid columns (2, 16) . This suggests that there is no preferential loss of polyadenylic acid from viral RNA during phenol extraction (18, 19, 22 16 h. The positions of oligonucleotides in the two-dimensional fingerprint were located by radioautography. For further analysis, oligonucleotides were eluted with triethylamine carbonate and characterized by electrophoresis on DEAE paper in pyridine acetate (pH 3.5) after digestion with pancreatic RNase (0.1 mg/ml) in 0.01 M Tris-hydochloride, pH 7.5, and 0.001 M EDTA at 37 C for 30 min (1) .
Nucleotide composition. RNA samples which had been evaporated to dryness on a polyethylene sheet were digested with 5 gliters of 0.3 N NaOH at 37 C for 16 h. Mononucleotides were separated by electrophoresis on Whatman 3 MM paper in pyridine acetate, pH 3.5. Appropriate optical density markers were added where necessary, the pyridine was removed from the paper in a NH4 atmosphere, and the marker was visualized under a short-wave UV lamp.
RESULTS
Identification of 5S RNA in virions of RSV. Analysis of the free low-molecular-weight RNAs of RSV by electrophoresis in gels of 10% polyacrylamide is illustrated in Fig. la . In addition to the previously described 4S and 7S RNA molecules (5, 6, 23) , RNA with the same electrophoretic mobility as that of host cell 5S RNA can be demonstrated (Fig. la) . This 5S RNA comprises 2% of the total RNA associated with virions of RSV. In contrast, 4S and 7S RNA represent 20 and 5% of the total RSV RNA, respectively ( Table 1 ). The 5S RNA is not eliminated by pretreatment of virus with RNase (50 ,ug/ml for 1 h at 37 C) prior to extraction, suggesting that it is contained within the virion particle rather than merely adsorbed to the outer envelope of the virus. Furthermore, the yield of 5S RNA from purified RSV is independent of the time interval (1 h or 12 h) between harvests of RSV from cells, suggesting that it does not arise from degradation of another RNA species (3).
Denaturation of avian myeloblastosis virus (AMV) 70S RNA dissociates it into its constituent 35S subunits and releases a 4S RNA species (12, 13) . Denaturation of the 70S RNA from RSV releases both 4S and 5S RNAs (Fig. lb) .
The high-molecular-weight subunit constituents of RSV 70S RNA do not penetrate gels of this pore size and thus accumulate at the origin Electrophoresis of RSV low-molecularweight RNAs and 70S-associated RNAs in 10%o polyacrylamide gels. a, Analysis of the free low-molecularweight RNA species. The RNA of RSV was extracted with phenol and fractionated on sucrose gradients as previously described (5, 6). The 70S region and 4 to 10S region of the gradient were pooled separately and ethanol precipitated. The low-molecular-weight RNAs were then subjected to electrophoresis in gels of 10% polyacrylamide at 5 mA per gel for 4 h. b, Analysis of 70S-associated RNAs. The 70S RNA, purified as described in The 7S RNA appears to be absent from the RSV 70S RNA complex (Fig. lb) .
Thermal transition of 70S-associated RNAs. Experiments were performed to explore the nature of the association of 4S and 5S RNA to the 70S RNA complex. RSV 70S RNA was heated at various temperatures and analyzed on disk acrylamide gels composed of 6.5 cm of 10% polyacrylamide overlaid with 3.5 cm of 2.25% polyacrylamide. Composite gels of this nature resolve both high-and low-molecular-weight RNAs and therefore allow simultaneous analysis of both 70S RNA and 70S-associated RNAs (12) . We have used this procedure to obtain Tm values for both the conversion of RSV 70S RNA into its constituent subunits and the release of the 70S-associated RNAs from the 70S RNA complex (Fig. 2) . With increasing temperature, RSV 70S RNA dissociates into its constituent high-molecular-weight subunits. By virtue of their inability to penetrate the 10% polyacrylamide region of the gel, the 35S subunit species accumulate at the interface between the 2.25% and 10% gels and can readily be differentiated from the 70S RNA complex. The release of 4S and 5S RNA from 70S RNA is monitored by the appearance of these species in the 10% gel (12) and is quantified by summing the radioactivity in appropriate regions of the gels (Fig. 2) .
Nearly all (80%) of the 70S-associated 4S RNA is released from the 70S complex before the conversion of 70S RNA to its 35S RNA subunits (Fig. 3) . The release of 5S RNA occurs concomitantly with the dissociation of 70S RNA into its constituent subunits. These studies permit the assignment of Tm values, i.e., the temperature at which half of a particular species of RNA is released from the 70S RNA complex or dissociated into subunits (Fig. 3) . For example, the 70S-associated 4S RNA has a Tm which is substantially lower (42 C) than that of 5S RNA (51 C); 5S RNA has a Tm identical to that of 70S RNA. The broad melting profile (Fig. 3) of the 70S-associated 4S RNA suggests that differences may exist within the 4S RNA species with regard to the extent that they are associated with the 70S RNA complex. The temperature range at which the 70S-associated RNAs are released from RSV 70S RNA suggests that they are hydrogen bonded, rather than nonspecifically aggregated, to the 70S RNA complex. The Tm's for both the transition of 70S RNA to 35S RNA subunits and the release of 4S RNA from the 70S RNA complex are lower than those previously reported (8) . However, these differences probably reflect the nature of the ionic conditions in which 70S RNA was heated.
Nucleotide compositions. The nucleotide compositions of RSV 4S and 5S RNA and of the low-molecular-weight RNAs from chicken embryo fibroblasts are shown in Table 2 (24) . Two-dimensional fingerprints of Ti oligonucleotides from 70S-associated 5S RNA, 5S RNA obtained from the free lowmolecular-weight RNA species, and 5S RNA purified from chicken embryo fibroblasts, are compared in Fig. 4 . The number, relative position, and yield of oligonucleotides obtained from the 5S RNAs of RSV and of the host cell are identical. Furthermore, subsequent analysis of each oligonucleotide indicates that those occurring in the same position on all three of the 5S RNA fingerprints are identical in composition ( Table 3 ). The fingerprints of RSV 5S RNA and chick cell 5S RNA are similar to that reported for 5S RNA obtained from KB cells (15) . The 70S-associated 4S RNA and the 4S RNA obtained from the free low-molecular-weight class of RSV RNA were subjected to similar analyses, and the resultant fingerprints of the Ti oligonucleotides were compared (Fig. 5) . The fingerprints of both 70S-associated 4S RNA and free 4S RNA (Fig. 5a, b) are quite similar, particularly in the region of the larger Ti oligonucleotides. A comparison of fingerprints of equal intensity indicate that the 4S RNAs of RSV contain fewer oligonucleotides than does that of chicken embryo fibroblast 4S RNA, suggesting that fewer species of 4S RNA are contained in virions of RSV than in the host cell. Both 70S-associated and free 4S RNAs contain pGp and a prominent spot in the region of T CG (24) (12) . Included in Fig. 5 are fingerprints of two additional low-molecular-weight RNA species: host cell 5.5S RNA (originally referred to as 7S RNA [21] ), which is hydrogen-bonded to 28S ribosomal RNA, and RSV 7S RNA (6) which has recently been identified in several RNA tumor viruses and in uninfected chicken embryo fibroblasts (Erikson et al., submitted for publication). A comparison of the oligonucleotides produced by RNase Ti digestion of 7S RNA from RSV, murine sarcoma murine leukemia virus, and AMV reveal striking similarities in structure, to the extent that these RNA molecules differ by at most two oligonucleotides (Erikson et al., submitted for publication). The fingerprints of RSV 7S RNA and host cell 28S-associated 5.5S RNA differ appreciably from 4S RNA and the newly identified 5S RNA contained within virions of RSV (Fig. 5d,  e) .
DISCUSSION
The present data describe a number of structural features of the low-molecular-weight RNAs contained within virions of RSV. Of particular interest is the identification and characterization of an additional low-molecular-weight RNA associated with RSV. This RNA species is found both free in the virion and associated with the 70S RNA genome. It is approximately 120 nucleotides in length (Table  3) , comigrates with host cell 5S RNA on polyacrylamide gels, and is identical in base composition and structure to the 5S RNA associated with the large ribosomal subunit in eukaryotic cells. Although virtually nothing is known about the function of 5S RNA in eukaryotic cells, evidence is accumulating which suggests that 5S RNA is required for protein synthesis in prokaryotic systems (10) . The biological significance of RSV 5S RNA relative to the processes of RSV infection, replication, and transformation is not presently known. It is conceivable that the 5S RNA is incorporated into virions at random during the process of virus maturation and therefore does not constitute a functionally significant virion molecule. However, the reproducibility of yields of 5S RNA from various preparations of RSV (A. J. Faras, unpublished data), and its association with the RSV 70S RNA genome argues against this interpretation. Although the 70S-associated 5S RNA is released from the 70S RNA complex concurrently with the conversion of 70S RNA into its constituent subunits, we do not know whether it functions as a linker in the subunit structure of the RSV genome. Attempts to reconstruct 70S RNA from its constituent 35S subunits and 70S-associated RNAs have been unsuccessful to date (P. Duesberg and R. Erikson, personal communications).
The 4S RNA contained in virions of AMV can be aminoacylated and is therefore functionally similar to tRNA (7, 11, 26) . We, and others, have demonstrated that the 4S RNAs of RSV have a number of structural properties characteristic of tRNA (12) . Their role, if any, in the propagation of RNA tumor viruses remains obscure. A population of 4S RNAs, with structural features similar to those of tRNA, is also associated with the RSV 70S RNA genome (12, and present findings). A number of recent reports suggest a possible role for the 70S-associated 4S RNA. Studies on RNA-directed DNA synthesis by the oncornavirus DNA polymerase indicate that DNA synthesis is initiated on a small polyribonucleotide associated with the 70S RNA template (8, 25, 27) . Studies from our laboratory suggest that the primer molecule required for initiation of DNA synthesis is 4S RNA (Bishop et a Oligonucleotides were located on fingerprints by radioautography and eluted from the paper, and their composition was determined after pancreatic RNase digestion as described in Material and Methods and by comparison with the position of oligonucleotides of known sequence (24) . Oligonucleotides without brackets or within parentheses indicate known sequence. The order of oligonucleotides within brackets is unknown. A, adenosine; C, cytidine; G, guanosine; U, uridine; X, unknown ribonucleoside.
b Obtained by first determining the average count per minute per phosphate and then using this average to compute yields on the basis of the total radioactivity present in each oligonucleotide and the deduced length of each oligonucleotide.
c Probably at the 3' terminus of 5S RNA, because it is the only oligonucleotide that lacks guanosine. We would not have detected the 5' terminus under these conditions of analysis.
quence studies of the purified 4S RNA primer reveal structural similarities to the 4S RNA found associated with the RSV 70S RNA complex (Faras et 
